Systemic acquired resistance (SAR) is one of the intriguing issues for studying the mechanism in signal transduction system in a whole plant. We found that SAR and increase of an antifungal compound were induced rapidly and transiently in barley (Hordeum vulgare L. cv. Goseshikoku) by mechanical and biological stresses. One of the major antifungal compounds was identified as an indole alkaloid, gramine (N,N-dimethyl-3-aminomethylindole), by mass spectrum and NMR analyses. Gramine is well known as a constitutive compound of barley, but it increased significantly in the primary and secondary leaves of barley seedlings within 12 h after pruning or inoculating with the powdery mildew fungi of barley (Blumeria graminis f.sp. hordei) and wheat (B. graminis f.sp. tritici). However, in the leaf detached from unwounded seedlings or in the leaf inoculated with the barley powdery mildew fungus, gramine did not increase at all. In the water droplets contacted with barley leaves, the amount of leaked gramine increased dependently upon the time after the seedling was injured mechanically. We also found a tight correlation between gramine increase and enhancement of resistance to the barley powdery mildew fungus in barley leaves treated with an endogenous elicitor. Furthermore, such a systemic resistance was not observed in a barley cultivar Morex that lacks the biosynthetic pathway of gramine. From these results, we conclude that gramine is the excellent marker in rapid and transient systemic acquired resistance in barley.
Introduction
It is well known that plants are endowed with systems to recognize and respond to exogenous stimuli such as light, temperature, chemical compounds, mechanical injury, pathogens and so on. Such a response is observed not only at the local site but also in a whole plant. However, details of the mechanism in systemic response are not adequately elucidated. While plants are generally exposed to the attack by numerous microorganisms, they protect themselves from these pathogens by active defenses. One of active defenses, systemic acquired resistance (SAR), is induced by certain predispositions, mechanical stimuli and inoculation with plant pathogens (Kuc 1979 , Bergstrom and Kuc 1981 , Bergstrom et al. 1982 . Most studies on SAR have been carried out with dicots such as tobacco, cucumber, tomato, and Arabidopsis thaliana. The SAR in dicots is usually accompanied by increases of pathogenesis-related proteins such as chitinase, glucanase and proteinase-inhibiting proteins (Farmer and Ryan 1992 , Metraux et al. 1988 , Uknes et al. 1992 , Yalpani et al. 1991 . For induction of SAR, more than 24 h was necessary. Although SAR has been also observed in monocotyledons, the biochemical and molecular basis associated with SAR has not been extensively investigated.
In barley seedlings, a rapid SAR was induced by mechanical injury or inoculation with living conidia of powdery mildew fungi (Fujiwara et al. 1986 , Fujiwara et al. 1989 . It was reported that the barley powdery mildew fungus failed to infect the secondary leaves when it was inoculated 3 h after injuring the primary leaves on seedlings (Hiramoto et al. 1995a) . Such an effect diminished when the fungus was inoculated 15 h after pruning. Furthermore, a transient increase of antifungal activity in an ethanol-soluble extract from the leaves was observed within 15 h after pruning of seedlings. As the fungus penetrates ca. 12 h after inoculation (Ellingboe 1972) , it is thought that the challenger, which has been inoculated 3 h after pruning, penetrates the barley tissues where the antifungal compound has already accumulated (Hiramoto et al. 1995a) . A similar antifungal activity was also found in the barley leaf sections treated with the exudates from the cut ends of barley stems (Hiramoto et al. 1995b) Diverse antifungal compounds were reported to exist in barley, that were characterized as hordatin (Stoessl 1967) , pcoumaroylagmatine (Stoessl 1965 ), p-coumaroylhydroxyagmatine (von Ropenack et al. 1998 , tryptamin (Miyagawa et al. 1994) , thionins (Bohlmann et al. 1988) , gramine (Wippich and Wink 1985) , pathogensis-related proteins such as chitinase and b-1,3-glucanase (Leah et al. 1991) , ribosome-inactivating pro-tein (Reinbothe et al. 1994 ) and lipid transfer proteins (Molina et al. 1993) . However, which of the antifungal compound(s) is associated with the rapid and transient SAR in barley has not been clarified yet. In this paper, therefore, we attempted to identify the antifungal compounds in an ethanol extract from stressed barley seedlings according to our previous report (Hiramoto et al. 1995a) . We also discuss the relationship between increase of antifungal substance and induction of SAR in barley seedlings.
Results and Discussion
Chemical structure of an antifungal substance induced by mechanical stress and its effect on the infection establishment by the powdery mildew fungus of barley According to our previous report (Hiramoto et al. 1995a ), the antifungal compounds were purified from the secondary leaves 21 h after injuring of barley seedlings. Fig. 1a shows a typical HPLC profile of the extract from secondary leaves. Fraction F1 showed neither antifungal activity nor a significant change in its amount. Fractions F2 and F3 increased significantly 21 h after being stressed and the fraction F3 showed antifungal activity at the concentration higher than 100 mg ml -1 (w/v) . From the data of 1 H-NMR, 13 C-NMR and mass spectrum (MS) (Fig. 1b) , F3 was identified as an indole alkaloid, gramine, that was a constitutive compound in many barley cultivars (Hordeum vulgare L.) and wild barley lines (Hanson et al. 1981) . Its concentration was reported to reach ca. 1 mmol (g FW) -1 in the primary leaves of 9-day-old healthy barley seedlings (Argandona et al. 1987) . The compound shows toxic or deterrent effects on chickweed (Overland 1966) , aphids (Zuniga et al. 1985) , herbivores (Arnold and Hill 1972) and nematodes (Brandt et al. 1935) . Wippich and Wink (1985) reported that gramine inhibited the germination and appressorial formation by B. graminis hordei at the concentration higher than 1 mM (174 mg ml -1 ). Our results showed that F3 fraction (gramine) at the concentration higher than 100 mg ml -1 inhibited not only the conidial germination of B. graminis hordei, B. graminis tritici, Mycosphaerella pinodes or Colletotrichum graminicola on a cellophane sheet (data not shown) but also the establishment of infection by B. graminis hordei on both barley cultivars Goseshikoku and Morex (Fig. 1c) . The procedures of application of gramine and measurement of infection frequency were described in the text. Note that the treatment with gramine inhibited the infection by the fungus dose-dependently but that the effect of F3-application to cv. Morex seems to be less than that to cv. Goseshikoku.
Change in gramine contents in respective parts of the stressed barley seedlings
As shown in Fig. 2a , in the part of the primary leaf remaining on the seedling (see Fig. 2a, inset) , a significant increase of gramine was observed within 6 h after pruning. The amount of gramine reached a maximum 18 h after pruning and then decreased. On the other hand, in the detached part of the primary leaves, no significant increase of gramine was detectable. This result is supported by our previous report that the barley SAR is not induced in the primary and secondary leaves detached immediately from unwounded seedlings (Fujiwara et al. 1986 ). Thus, the increase of gramine requires certain signals from stressed seedlings as described in our previous report (Hiramoto et al. 1995b) . Fig. 2b showed the accumulation of gramine in the primary and secondary leaves of barley seedlings (cv. Goseshikoku), of which the primary leaves had been injured mechanically or inoculated with either the powdery mildew fungus of barley (Blumeria graminis hordei race Hh4 compatible to cvs. Goseshikoku and Morex) or that of wheat (B. graminis tritici race t2 incompatible to barley).
In the healthy Goseshikoku leaves, 200-400 mg (1.14-2.28 mmol) (g FW) -1 of gramine were contained dependently upon the growth condition. In the secondary leaves, however, a significant increase of gramine was observed within 12 h after injuring or inoculating the primary leaves of the seedlings. On the other hand, in the primary leaves, increase of gramine was observed 6 h after pruning or inoculating with an incompatible race t2 but not by inoculation with a compatible race Hh4. These results indicate that increase of gramine in the primary leaves occurs more rapidly than that in the secondary leaves, suggesting the difference in the time for transporting signal molecules from hypocotyls to respective leaves. The result that the compatible race Hh4 also induced the gramine increase in the secondary leaves showed that even the compatible race seems to be recognized as a kind of stress by barley seedlings. However, gramine did not increase at the primary leaves inoculated with the compatible race Hh4. The result suggests that the Fig. 2 Time course study of gramine increased in the primary or secondary leaves of barley seedlings under mechanical and biological stresses. The primary leaf of cv. Goseshikoku was cut at the center (see (a), inset) and each part was incubated for the time as shown in x-axis. Gramine contents were measured by HPLC as described in the text. Note that gramine markedly increased in the part of primary leaves remaining on the barley seedlings, suggesting that a signal molecule from the seedlings is needed for gramine increase. (b) Induction of gramine increase in the primary (dark gray bar) and secondary leaves (light gray bar) on cv. Goseshikoku seedlings by pruning (Pruning) or inoculating the primary leaves with the barley powdery mildew fungus, race Hh4 (Hh4) and the wheat powdery mildew fungus, race t2 (t2). The primary and secondary leaves were collected at the respective time as shown in x-axis. The quantitative analysis of gramine was carried out as described in the text. The data in (a) and (b) showed the mean with SE from the triplicate experiments. compatible powdery mildew fungus may be endowed with the ability to avoid/suppress the increase of gramine only in its infection sites. Excluding the primary leaves inoculated with race Hh4, however, the amount of increased gramine reached 100-200 mg (g FW) -1 that is adequate concentration to inhibit the infection by race Hh4 as shown in Fig. 1c .
Induction of gramine leakage by pruning
According to classification of antifungal compounds by Ingham (1973) , gramine seems to be classified into "inhibitin", since a large amount of gramine (ca. 200-400 mg (g FW) -1 ) existed in the healthy barley leaves but it was increased by stresses ( Fig. 2 ; Argandona et al. 1987 , Hanson et al. 1981 , Hanson et al. 1983 . Our preliminary experiments showed that gramine was detectable in the 8-day-old seedlings of cv. Goseshikoku but that the distribution of gramine was considerably different in respective tissues. The amount of gramine per g FW of seedling was 222.4 mg, 40.3 mg, 3.3 mg and 5.0 mg in leaves, hypocotyls, seeds (albumen) and roots, respectively. That is, ca. 80% of gramine in cv. Goseshikoku seedlings existed in leaf tissues. Moreover, gramine content in abaxial epidermis, which was peeled off from the leaves, was 72.8 mg (g FW) -1 of seedlings. Therefore, the abaxial epidermis contained ca. 27% of gramine in seedlings. If the adaxial epidermis, which is difficult to peeled perfectly, contained the same amount of gramine as the abaxial epidermis does, greater than 50% of gramine in seedlings seem to be involved in the leaf epidermis. This concentration is 1324 mg (g FW) -1 of epidermal tissues. In addition, at 18 h after pruning, 10.5 mg, -1.0 mg, 15.4 mg and 33.0 mg (g FW seedlings)
-1 of gramine increased in roots, seeds, hypocotyls and leaves, respectively. In abaxial epidermis, the increased amount of gramine reached ca. 17 mg (g FW seedlings)
-1 (data not shown). If such a concentration of gramine would act in the healthy barley seedlings, even a compatible race was not able to infect (related data were shown in Fig. 1c ). However, under natural conditions, the compatible race is able to establish its infection on cv. Goseshikoku. In addition, exogenous application of 10 mM of gramine provoked chlorosis or necrosis (Hanson et al. 1983 ) that may be an unsuitable condition for obligate parasites. These results suggest that the constitutive gramine scarcely affects the infection by localizing in some organelle but that only increased and/or transportable gramine is able to inhibit the infection by the powdery mildew fungus as shown in Fig. 1c . According to this hypothesis, we investigated whether gramine became movable under mechanical stress by measuring the leakage of gramine into the water droplet which contacted with the barley leaves.
A part of the primary leaf on the Goseshikoku seedling was pruned. After 18 h incubation, the primary leaves were detached from the seedlings and were floated on the water droplet for 0, 0.5, 1, 3, 6 or 12 h. The leakage of gramine into the water droplet was detectable by even a 30 min-contact and reached a plateau by 6 h after floatation (Fig. 3, inset) . According to this result, we measured the gramine leakage from the leaves which were detached from the seedlings 0, 12, 24 and 48 h after being stressed mechanically. We adopted 1 hincubation for gramine leakage.
The amount of gramine, which was leaked for 1 h from the secondary and primary leaves detached from the unstressed seedlings, was less than 0.3 mg (g FW) -1 ( Fig. 3; 0 h ). On the other hand, the amount of gramine leaking from both primary and secondary leaves increased dependent upon the time after stress ( Fig. 3; 12, 24 and 48 h). The amount of gramine detectable in the water droplets seems not to show all of the movable gramine, but it may reflect the increase in movable gramine in barley tissues.
In this connection, artificial rain experiments showed that Fig. 3 Leakage of gramine from the primary and secondary leaves of barley seedlings of which the primary leaves had been partly pruned. A position 1.5 cm from the tip of the primary leaves on cv. Goseshikoku seedlings was pruned and the seedlings were incubated at 22±2°C. Then the primary (closed circle) and secondary leaves (open circle) were detached from the seedlings at the time presented in xaxis. After the detached leaf was floated on 1.6 ml of aseptic water for 1 h, amounts of gramine leaking from respective leaves into the water droplets were determined as described in the text. The inset shows the relationship between the incubation time on aseptic water (x-axis) and the amount of gramine leaking from the primary leaves that were detached from the seedlings 18 h after pruning. The detached leaves were floated on 1.6 ml of aseptic water for 0, 0.5, 1, 3, 6 and 12 h. A similar pattern of gramine leakage from the detached leaves was observed in triplicate experiments.
ca. 0.1% of total gramine was eluted from the surface of barley leaves (Yoshida et al. 1993) . Furthermore, as gramine in the droplets seems to be almost released from the epidermis, the movable gramine is expected to increase in the epidermal tissues of the stressed barley seedlings, resulting in inhibition of infection on the barley surfaces.
Relationship between gramine increase and inhibition of infection in barley leaf sections treated with an endogenous elicitor
We previously reported that a phytoalexin-like activity accumulated in barley leaf sections within 24 h after treatment with an endogenous elicitor in an exudate from the cut end of barley stems (Hiramoto et al. 1995b ). Based on these results, we then attempted to elucidate the relationship between the increase of gramine and inhibition of infection in the primary leaf sections treated with the endogenous elicitor that had been partially purified by gel filtration chromatography. Gramine was not detectable in this elicitor preparation. Amounts of gramine and infection frequency were measured 18 h and 48 h after treatment with the elicitor, respectively.
The elicitor induced either resistance to the infection by the compatible challenger or gramine increase dose-dependently (Fig. 4) . The results showed a tight correlation between the concentration of applied elicitor, the amount of increased gramine and the enhancement of resistance (Fig. 4) . A similar result was obtained by using 0-0.1 mM CuCl 2 as an abiotic elicitor (data not shown).
Rapid and transient SAR in cv. Morex
As described above, we found that gramine increase may be tightly associated with rapid and transient SAR of barley. Then we confirmed whether such a SAR occurred in the seedlings of cv. Morex that lacks the biosynthetic pathway of gramine (Leland et al. 1985) . Analysis by HPLC showed that gramine (F3) and F2 were not detectable at all in both of stressed and unstressed seedlings of cv. Morex (data not shown). As shown in Fig. 5 , the pruning of the primary leaves did not induce rapid and transient SAR in cv. Morex. Inoculation of the primary leaves with the barley powdery mildew also Fig. 4 The relationship between induction of resistance and increase of gramine in the barley primary leaf sections treated with an endogenous elicitor prepared from barley seedlings. The abaxial epidermis of primary leaves of 10-day-old seedlings of cv. Goseshikoku was peeled off and the leaves were sectioned into 1.5-cm lengths. For measurement of infection frequency, conidia of the barley powdery mildew fungus race Hh4 were inoculated on the adaxial epidermis of the leaf-sections. Then the sections were floated on the elicitor solution as the exposed mesophyll tissues contacted perfectly with the elicitor solution. The infection frequency (% of spores formed secondary hyphae/number of spores formed appressoria) was measured 48 h after inoculation. For measurement of gramine content, uninoculated leaf sections were immediately floated on the elicitor solution and the amount of gramine was determined 18 h after incubation. The data show the mean with SE from the triplicate experiments. Note that high correlations between the amount of increased gramine, inhibitory rate of infection and the concentration of elicitor were observed. did not evoke SAR. As shown in Fig. 1c , however, the exogenous application of gramine (F3) to cv. Morex inhibited the infection by the compatible race Hh4 dose-dependently. The timing of gramine increase (Fig. 2) coincided with that of resistance induction in cv. Goseshikoku (Fig. 5) . Further experiments are needed by using isogenic lines but it is strongly suggested that the biosynthesis of gramine is tightly associated with induction of rapid and transient SAR in barley seedlings. In addition, cv. Morex as well as cv. Goseshikoku is naturally resistant to B. graminis tritici, indicating that the other molecules also may contribute to barley active defense against incompatible or avirulent pathogens.
The present results strongly suggest that a main causal compound for rapid and transient barley SAR is gramine. The findings indicate that even a common compound in healthy plants also contributes to expression of active defense and that this type of SAR may play an important role during the initial stage of infection by fungal pathogens. Gramine was increased by high temperature stress (Hanson et al. 1983) , application of NaF (Hautala and Holopainen 1995) , mechanical injury and inoculation with pathogens (Fig. 2) . These findings indicate that gramine increase is one of the general responses of barley against exogenous stresses, resulting in rapid induction of barley SAR. In other words, gramine seems to be an excellent marker for systemic response of barley against exogenous stresses.
While the common cascade for signal transduction leading to gramine increase has not been elucidated yet, it is well known that mechanical injury evokes the biosynthesis of plant stress hormone, jasmonate, leading to production of PRproteins, such as proteinase-inhibitors in tomato plants (Farmer and Ryan 1990) . In barley, jasmonate also induced thionine and several PR-proteins (Andresen et al. 1992 , Dunaeva et al. 1999 , Reinbothe et al. 1994 , Schweizer et al. 1993 . As these responses, however, occurred more slowly and required a high concentration of jasmonate, Andresen et al. (1992) concluded that jasmonate seems not to be involved in the interactions. van der Fits et al. (2000) reported that the biosynthesis of terpenoid indole alkaloid in cultured Catharanthus roseus cells was induced by the partially purified yeast elicitor but not by jasmonate, indicating jasmonate-independent signal transduction pathway. The report with Arabidopsis thaliana coi1 mutant (Titarenko et al. 1997 ) also supports the jasmonate-independent pathway in wound signaling.
On the other hand, salicylic acid is reported as an essential endogenous inducer for defenses during pathogen-signaling in dicot plants (Niki et al. 1998 , Thomma et al. 1998 . However, in the barley seedlings (cv. Goseshikoku), treatment with 0.1-1.5 mM of salicylic acid could not induce gramine increase. Furthermore, either pruning or inoculation with powdery mildew fungi did not induce an increase of salicylic acid by 24 h in the seedlings of Goseshikoku that contained 3-4 mg (g FW) -1 of salicylic acid constitutively (our unpublished data). We therefore assume that salicylic acid may also not participate in signaling for rapid barley SAR as described by Silverman et al. (1995) with rice plant.
It is noteworthy that an electrical signaling is tightly associated with systemic induction of proteinase inhibitor in the wounded tomato plants (Wildon et al. 1992) . A similar electri- The stressed seedlings were incubated for appropriate period (x-axis) and then the secondary leaves on seedlings were inoculated with conidia of the compatible race Hh4. The infection frequency on the secondary leaves was determined 48 h after inoculation with the challenger as described by Fujiwara et al. (1986) . The data presented the mean with SE from triplicate experiments. The raw values corresponding to relative infection rate of 100% on cv. Morex, of which the primary leaves had been pruned and pre-inoculated with the barley powdery mildew fungus, were 29.1% and 37.5%, respectively. Those on cv. Goseshikoku seedlings, of which the primary leaves had been pruned and pre-inoculated with the fungus, were 29.8% and 30.9%, respectively. Note that the induction of SAR was never observed on cv. Morex but that, inversely, the rapid and transient systemic susceptibility was induced in cv. Morex by both stresses. In addition, the cause of susceptibility induced in cv. Goseshikoku 15 after pruning has been already discussed in our previous paper (Hiramoto et al. 1995b). cal phenomenon was observed with barley whole seedlings; the surface electrical potential was ca. -100 mV and the wounding induced either sharp hyperpolarization (-20 to -50 mV) by 30 s or subsequent depolarization for 1 h (T. Shiraishi and A. Novacky; unpublished data). As described above, the barley endogenous elicitor was detectable and diminished in sap fluid 0-3 h and 6-9 h after pruning, respectively (Hiramoto et al. 1995b) , indicating that a rapid and transient signaling, which may be independent on biosyntheses of salicylic acid and jasmonic acid, is indispensable to secretion of the endogenous elicitor of barley. Since various types of stresses resulted in the increase of gramine in barley, we presently presume that the signaling of these stresses is mediated by a common transmitter and that an electrical signal is a candidate of the transmitter for rapid and transient secretion of the endogenous elicitor.
Though further experiments are needed to elucidate the barley stress signaling and regulatory mechanism in gramine synthetic pathway, the results together with our previous reports (Fujiwara et al. 1986 , Fujiwara et al. 1989 , Hiramoto et al. 1995a , Hiramoto et al. 1995b ) suggest the induction process of rapid and transient barley SAR is as follows: (1) respective exogenous stresses are converted to intercellular signal(s) such as an electrical one; (2) the signal is transmitted immediately from the wounded/inoculated sites to hypocotyls; (3) the endogenous elicitor is secreted from hypocotyl into sap vessel and transported to the whole plant; (4) the synthesis of gramine is induced by the transported elicitor; and (5) the increased gramine moves to the surface of the tissues and blocks penetration and infection by pathogens.
The signaling network leading to defense responses in whole plants remains obscure but the plant SAR might be one of the excellent models to elucidate the rapid whole plant signaling for the exogenous stimuli.
Materials and Methods

Plant and fungal materials
Seeds of barley (Hordeum vulgare L. cv. Goseshikoku and cv. Morex) were soaked in tap water and were germinated at 22±2°C for 24-36 h. Germinated seeds with an uniform size were sown in vermiculite and grown in a growth chamber at 22±2°C under artificial illumination (ca. 3,000 lux, 12 h d -1 ) for 8-20 d. Conidia of the barley powdery mildew fungus (Blumeria graminis DC. f. sp. hordei Marchal, race Hh4) and the wheat powdery mildew fungus (B. graminis DC. f. sp tritici Marchal, race t2) were used as inducers for SAR. The former was also used as an indicator for induction of resistance. Race Hh4 and race t2 were cultured on 8-dayold seedlings of barley (cv. H.E.S.4) and wheat (Triticum aestivum L. cv. Nohrin No.4), respectively, under the same conditions as described above.
Endogenous elicitor from barley seedlings
An endogenous elicitor (resistance-inducing factor) was prepared from barley seedlings (cv. Goseshikoku) and applied to leaf sections as described by Hiramoto et al. (1995b) . The estimated molecular weight of this glycopeptide elicitor was about 5 kDa by HPLC with a TSKgel G-3000 PW XL column (Tosoh Co., Ltd.; Tokyo, Japan). No gramine was detected in this fraction. Even the concentration of 2,000 mg ml -1 of the elicitor did not inhibit the germination of conidia of B. graminis or M. pinodes and did not induce the barley cell death (data not shown).
Infection test
A part of the primary leaf of 20-day-old barley seedlings (cvs. Goseshikoku and Morex) was pruned or inoculated with freshly formed conidia of the barley powdery mildew fungus and the seedlings were incubated at 22±2°C for the time described in the legend of Fig.  5 . The secondary leaves on seedlings were then inoculated with conidia of the barley powdery mildew fungus. The infection rate on the secondary leaves was measured 48 h after incubation at 22±2°C as described previously (Fujiwara et al. 1986 ).
The effect of gramine (F3 fraction) or the endogenous elicitor on the infection by the barley powdery mildew fungus was measured as follows; the primary leaves were detached from 8-to 10-day-old seedlings and the abaxial epidermis was peeled off. Then the leaves were sectioned into 1.5 cm lengths. The adaxial epidermis of leaf sections was inoculated with conidia of the barley powdery mildew fungus and then floated immediately on the solution of gramine, the endogenous elicitor as the exposed mesophyll tissues were perfectly contacted with the solutions. The infection frequency was measured 48 h after inoculation as described above. The leaf sections treated with the endogenous elicitor for 24 h were also used for quantitative analysis of gramine as described below.
Extraction and purification of antifungal compound in mechanically stressed barley
According to our previous report (Hiramoto et al. 1995a) , the secondary leaves (ca. 480 g FW) were collected from seedlings 21 h after pruning of the part of primary leaves. The detached secondary leaves were extracted with 10 volumes of hot ethanol for 30 min. The ethanol-extract was evaporated under reduced pressure and replaced with water. The remaining aqueous residue was diluted to 50 ml with distilled water. After extraction with an equal volume of ethyl acetate five times, the aqueous phase was separated through a SEP-PAK C18 cartridge (Waters Associates, Milford, MA) with a stepwise gradient of methanol in water. A major antifungal activity was recovered in 80% methanol fraction. An antifungal compound was purified from an 80% methanol fraction by HPLC with an ODS column (Inertsil-ODS; 4.6 mm i.d.´250 mm, GL Science Inc., Tokyo, Japan) with an eluent of acetonitrile and 1% acetic acid (v/v=3/2) at a flow rate of 0.6 ml min -1 . A major antifungal fraction, F3, was eluted at 7.2 min (Fig. 1a) . About 60 mg of F3 was collected from the secondary leaves of stressed barley seedlings. The chemical structure was identified by analyses with 1 H-NMR, 13 C-NMR (AMX-400; Bruker Analytik, Rheinstetten, Germany) and mass spectrum (M80-B; Hitachi, Tokyo, Japan).
Quantitative analysis of gramine
The primary leaves of 20-day-old seedlings were pruned at 1.5 cm from the tip or were inoculated densely with the freshly formed conidia of Hh4 or t2. Then the seedlings were incubated at 22±2°C for the time described in the legend of Fig. 2b . The primary and secondary leaves were then detached from the seedlings and the amount of accumulated gramine was determined. In another experiment, the primary leaf was cut at the middle position from the tip as shown in Fig.  2a (inset) and the detached part was supplied with water from the cut end of the leaf section. After the time described in Fig. 2a , the detached part and the part remaining on seedlings were collected respectively. In these experiments, we used at least four leaves for one treatment and repeated three times.
The procedure for extraction and quantitative analysis of gramine was as follows; ca. 30 mg of the part of barley leaves of stressed seedlings or leaf sections, which had been treated with the endogenous elicitor, were collected and extracted with 2 ml of hot ethanol for 30 min. The ethanol extract was evaporated to dryness under reduced pressure and the remaining residue was dissolved in 2 ml of distilled water. After extraction five times with the same volume of ethyl acetate, the aqueous phase was evaporated to dryness under reduced pressure. The step with a SEP-PAK C18 cartridge was omitted, since ca. 25% of gramine was lost in this step. The residue was dissolved in 100 ml of an eluent for HPLC (acetonitrile/1% acetic acid = 3/2, v/v) and a 10 ml was applied to HPLC. Gramine was monitored with a UVdetector (L-3000 Photo Diodearray Detector; Hitachi, Tokyo, Japan). The recovery rate of 10 mg of gramine was about 97% in the process from ethanol extraction to HPLC analysis.
For quantitative analysis of gramine, which was released from the leaves, four primary or secondary leaves were detached from the seedlings of which the primary leaves had been pruned. Each detached leaf was floated on 1.6 ml of aseptic water as the adaxial part was perfectly contacted with water. The leaves were then incubated at 22±2°C for the period described in Fig. 3 . The droplet (500 ml) was collected and extracted with the same volume of ethyl acetate five times. The aqueous phase was evaporated to dryness in vacuo. The quantitative analysis of gramine by HPLC was carried out as described above.
